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ABSTRACT

Many researches point out that intervertebral pressure and transformation are key parameters for evaluating interverte-
bral disc degeneration. Aiming at avoiding the damage caused by direct and indirect measuring methods, this research
proposes a cylindroid hypothesis and measuring method, which can monitor the strain condition of the intervertebral

disc in vivo and real-time without being damaged.

Keywords: Cylindroid Hypothesis; Intervertebral Strain; Degeneration

1. Introduction

According to incomplete statistical analysis, around 7% -
10% of the 1.3 billion people in China have some kind of
cervical disease. It shows a growing trend. After some
kind of treatment, the motion function of the fused seg-
ments is lost forever and the adjacent level becomes de-
generate easily [1]. Both biochemical and mechanical fac-
tors are thought to deal with the cascade of events caused
by degeneration [2,3]. Many researches have pointed out
that intervertebral pressure and transformation were the
key parameters for evaluating degeneration. Monitoring
the intervertebral strain in vivo was very important for
evaluating the long-term result of surgery and checking
the degeneration of the adjacent levels [4,5]. Many ana-
lytic or geometric and finite element models have been
developed to describe the structural response of interver-
tebral discs [6]. At present, direct measurement can’t be
done nondestructively [7], indirect measurement and simu-
lation can’t reach an agreement [8-10].

Based on the physiology structure and properties of the
intervertebral disc, this study raised a solution that could
monitor the intervertebral strain in vivo without being
damaged. It can solve the intervertebral disc strain meas-
ure dilemma that direct measure methods can only be
executed on a few healthy volunteers and other simulation
or indirect measures are too hard to achieve an agreement.

Aiming at getting the strain condition of the interverte-
bral disc, a mathematic model and a measurement system
based on strain gauges was built. In our hypothesis, the
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complete strain condition and the dimension of the disc
can be calculated by only fixing 6 strain gauges on the
front side of an intervertebral disc.

2. Description of the Intervertebral Disc
Strain M easurement M odel

2.1. Definition of Initial Condition

In some imaging measurement about intervertebral disc,
we can easily find out that the transverse section of the
disc is an axialsymmetrypolygonwith a smooth border. At
first, the study assumes the geometric shape of the inter-
vertebral disc as a cylindroid, sets the origin at the geo-
metric center and establishes a coordinate in the vertical
view. As Figure 1 shown, the right side is set as the X
axis, the front side is set as the Y axis, and the top side is
set as the Z axis.

Figure 1. Coordinate built on the intervertebral disc.
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According to the result of actual measurement, the
length in the coronal plane is longer than the length in the
sagittal plane, the expression of the side face of the disc in
Cartesian coordinates is:

o

A is the long axis of the ellipse, B is the short axis of the
ellipse, and 4 > B. As the dimension of the ellipse can’t
be measured in vivo, A and B are both unknown. With the
help of the transfer equation between Cartesian coordi-
nates and polar coordinates:

x=p-cosf 2)
y=p-sinf (3)

We can rewrite (1) as:
2 2
(ﬁocosﬁj +(£'Sin9j =1 “)
A B

Link a certain point on the ellipse’s angle with the ori-
gin, the angle between the X axis and it is €, p is the
distance between from the point to the origin. Any point
on the ellipse can be described as (6, p, ).

2.2. Equation of Geometric Condition

In order to realize the nondestructive measurement, only a
bit of arc symmetric with Y axis is available.

As Figures 2 and 3 show, 6 strain gauges were pack-
aged in flexible PCB and fixed on the front surface of the
intervertebral disc, symmetrical with YZ plane. ab = de
and bc = cd.
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Figure 2. Front view of the strain gauges' location.
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Figure 3. Top view of the strain gauges' location.
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a, b, ¢, d, e are tensile strain gauges and sensitive for
the tension in Z direction. f is a shear strain gauge and
sensitive for the in torsion Z direction. The measuring
result of fis independent to others’ equation, we focus on
the geometric equation and strain equation of a, b, ¢, d, e.

After fixing the flexible PCB right in the front of the
intervertebral disc, there are only 4 independent parame-
ters: p,,pg.a, B

The location of a, b, ¢, d, e are respective: (a,p, ),

(B.0,). (w/2.B).(n~B.py). (n-a.p,).

We can get 2 independent equations:

2 . 2
(pa -Zosaj +[pa 'Zmaj _ )
Py -cosa : Py sina :
y + 3 =1 6)
Add the arc length formula of plane curve:
ds = J(dx)" +(dy)’ (7
We can get:
Y2 5 -2 2 2
la:ac=.fﬂ \/A sin” @+ B” cos” 6d 4 (8)
I, = be = jﬂ/ *J 4% sin 0+ B* cos® 040 )

In the equation above: /, and /, are known quantity,
PasPgs0, [ are unknown quantity.

2.3. Equation of Physical Condition

In the normal stress analysis theory, the entire deforma-
tion of the intervertebral disc can be resolved into 4 kinds:

1) Bending deformation in X direction;

2) Bending deformation in Y direction;

3) Bending deformation in Z direction;

4) Torsional deformation in Z direction.

According to the equation of strain compatibility, the
strain at a, b, ¢, d, e can be described as below:

£, =p,-sina/p, —p,-cosal/p, +&, (10)
g, =py-sinf/p —py-cosf/p, +éey (11)

e.=B/p +¢, (12)
£, =py-sinf/p,—py-cosf/p, +ey (13)
&, =p,sina/p —p,-cosa/p, +é, (14)

2.4. Model Summary

In summary, the model including 7 known quantities:
1,l,,8,,6,¢€.,8,,¢&,, details are shown in Table 1.

9' unknown quantities: A, B, By Py PpsEns Pes Py s
details are shown in Table 2.
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Table 1. Description of known quantity.

Name Unit Description
/ Distance between strain
. mm .
gauge a and strain gauge ¢
/ Distance between strain
A mm .
gauge b and strain gauge ¢
g, non-dimension Output value of strain gauge a
g, non-dimension Output value of strain gauge b
£, non-dimension Output value of strain gauge ¢
£, non-dimension Output value of strain gauge d
£, non-dimension Output value of strain gauge e

Table 2. Description of unknown quantity.

Name Unit Description
A mm Long axis radius of the intervertebral disc
B mm Short axis radius of the intervertebral disc
A rad The angle between point a and the X axis
B rad The angle between point » and the X axis
P, mm The distance between point a and the origin
Py mm The distance between point b and the origin
&, non-dimension Strain caused by the axial load
0 mm The intervertebral disc’s radius
N of curvature in plane YZ

The intervertebral disc’s radius

P, mm

of curvature in plane XZ

9 independent equations:

2 . 2
(pa-cosaj +(pa-s1naJ . )
A B
-cosa ) sina )
Ps | 22 -1 ©)
A B
I =ac= j;/Z\/AZ sin? @ + B cos’ 06 8)
I, =be = j;/ 24 sin® 0.+ B cos’ 6d6 ©)
&, =p, sina/p,—p,-cosa/p, +e&y (10)
&, =py-sinf/p —py-cosf/p, +éy Y
e =B/p +¢y (12)
g, =py-sinfBlp,—py-cosB/p, +ey 13)
&g, =p,sina/p —p,-cosa/p, +e&, (14)

After solving the equation system above, we can bring
Band y, into the shear strain equation:
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d
7r=Br (15)

Then we can get the parameter describing torsional

o o d
strain in Z direction: f

3. Solution

For convenience, the equation system can be described as

below:
cosa ) sina )
A B

2 . 2
-COSax Sino
P L L =1 (17)
A B

I :ac=j;/2JA2 sin’6+ B cos’0d0  (18)

I, =bc= _[;/2\/142 sin” 6+ B? cos® 6d6 (19)

e.=B/p +¢, (20)
gﬁ;g“ —&. =p,sina/p, —B/p, 20
g, +e .
g =pysinff/p.—B/p, (22)
g{? _gﬂ
5 =p,cosa/p, (23)
= pyeos b, (24)

Because the elliptic integral exists in Equations (18)
and (19), the equation system is hard to be solved directly.
So we assume the long axis radius, short axis radius and
angle of the measure point at first and then select the fit-
ting answer. The specific steps were presented in Table 3.

4. Model Modification and I mprovement

The model above is theoretical and hypothesis based.
Some modification and improvement will make the model
more effective and accurate.

Firstly, the error the cylindroid simply introduced into
the model needs to be calculated and modificated. Some
imaging research tells that the front height of the in-
tervertebral disc is longer than the back height, so an an-
gle about 3° - 6° exists between the top and bottom sur-
face of the intervertebral disc naturally.

Secondly, the strain gauge should stick on the surface
directly. But confined by the biocompatibility and opera-
tion time, the strain gauge had to be packed in a biocom-
patibility flexible board and sticked at the same time. The
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Table 3. Solving step of the equation system.

Number of unknown

Number of independent

quantity equation Step description

7 9 Based on the range of rough measuring result, select A and B at a certain step
length and get a two dimensional matrix.
Using the numerical method (function “EllipticE”) in Matlab, the arc length can

5 7 be calculated a certain step length. Combining the known quantity /, and I,
and Equations (3) and (4), a, ff can be solved.

3 5 Bringing a, £ into Equations (1) and (2), p, and pg can be solved.

1 2 (5)-(7) compose a over-determined system, some solutions of &y and &y can be
got with the linear fit method.

0 0 (8) and (9) compose a over-determined system some solutions of p, can be got

with the linear fit method.

Compare the solutions and determined the optimal one.

board’s properties especially the thickness will bring
some error to the result.

Thirdly, it is hard to modify the model in vivo because
of the unavoidable specimen specificity, installation error,
model simplification error and follow-up circuit error. It
will also lose the real-time advantage. A more effective
method is to practice the experiment on cadaveric cervical
with both the ellipsoid hypothesis method and the direct
pressure measure method. The data of ellipsoid hypothe-
sis method will be adjusted by taking the data from pres-
sure measurement method into consideration. It will en-
able this new model more convincing when it was taken
in vivo.

Last but not least, comparison study with other in-
tervertebral pressure or strain measurement method will
make our model more persuasive. Before the whole
model and hypothesis can be taken into practice, a good
number of experimental data on cadaveric cervical should
be studied and parameter in the model should be adjusted.

5. Conclusions

Aiming at getting the strain condition of the intervertebral
disc, a mathematic model and a measurement system
based on strain gauges were built. In our hypothesis, by
only fixing 6 strain gauges on the front side of aninterver-
tebral disc, the complete strain condition and the dimen-
sion of the disc can be calculated.

Compared with the former method, the model in this
paper is without being damaged and can be operated on
the adjacent disc incidentally when a treatment is exe-
cuted on a patient. It can solve the intervertebral disc
strain measure dilemma that direct measure methods can
only be executed on a few healthy volunteers and other
simulation or indirect measure is too hard to achieve an
agreement.

So far, the hypothesis is in exploring stage. We will
move to experiment stage and further modify and adjust
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the model accordingly.
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